Abstract Emerging evidence suggests sex and apolipoprotein E (APOE) genotype separately modify outcomes after intracerebral hemorrhage (ICH). We test the hypothesis that an interaction exists between sex and APOE polymorphism in modifying outcomes after ICH and is altered by administration of exogenous apoE-mimetic peptide. To define the effects of sex and APOE polymorphism in ICH, we created collagenase-induced ICH in male and female APOETR mice (targeted replacement mice homozygous for APOE3 or APOE4 alleles; n012/group) and assessed performance on Rotarod (RR) and Morris water maze (MWM). To evaluate hematoma formation, we used hematoxylin and eosin staining at 24 h after injury (n08/group). Using separate cohorts (n012/group), apoE-mimetic peptide (COG1410 at 2 mg/kg) was administered after ICH, and mice were assessed by RR and MWM. Female mice outperformed male mice via RR and MWM by over 190% improvement through 7 days (RR) and 32 days (MWM) of testing after ICH (p<0.01). Female APOE3TR mice demonstrated improved function compared with all other groups (p<0.05) without any difference in hematoma volume at 24 h after injury in any group. Administration of a therapeutic apoEmimetic peptide improved RR latencies through 7 days after ICH in male and female APOE4TR mice and MWM latencies over days 28-32 after ICH in male APOE4TR mice (p<0.05). Sex and APOE polymorphism influence functional outcomes in our murine model of ICH. Moreover, administration of exogenous apoE-mimetic peptide after injury differentially modifies the interaction between sex and APOE polymorphism.
Introduction
Primary intracerebral hemorrhage (ICH), or hemorrhagic stroke, is a devastating and relatively common disease afflicting as many as 50,000 people annually in the USA alone, and accounting for up to 20% of all strokes in this country. Despite improvement in other areas of acute CNS injury, ICH remains associated with poor outcome, and remains without proven therapy. Approximately 40 to 50% of afflicted patients will die within 30 days, and little improvement has been made in the mortality rate or associated morbidity over the last 20 years [1] . One reason for the paucity of validated therapeutic interventions is the lack of fundamental knowledge regarding the pathophysiologic mechanisms that initiate hematoma formation and the resulting cascade of secondary inflammation. Furthermore, emerging evidence suggests sex-specific outcomes after acute CNS injury. It is increasingly recognized that sex may affect incidence [2] , clinical outcome [3, 4] , and quality of life after ICH in humans [5] . Furthermore, these clinical observations are supported by preclinical models [6] [7] [8] .
It is reasonable to predict that genetic variations may be partially responsible for this functional effect after injury beyond that provided by sex steroids. For example, presence of an APOE4 allele is associated with poor prognosis in a variety of acute and chronic neurological diseases, including ICH [9] , and the presence of an APOE4 allele is an independent risk factor for developing ICH in humans [10, 11] . Furthermore, there is increasing evidence supporting its role in downregulating endogenous inflammatory responses in an isoform-specific fashion, which is consistent with its known immunomodulatory properties [12] . This isoform-specific effect of apoE on neuroinflammation and acute injury responses may be particularly relevant in modifying outcomes after ICH [13] , and clinical studies have implicated the presence of an APOE4 allele with poor outcome in this setting [9, [14] [15] [16] .
The purpose of this study was to begin to explore the interaction between APOE genetic background and sex in a preclinical model of ICH. As promising therapeutics may have sexspecific efficacy, our further aim was to determine if COG1410 [17] , an apoE-mimetic peptide, improved recovery and function after injury as a function of sex and APOE genotype.
Methods

Experimental Groups
All animal procedures were designed to minimize animal discomfort and numbers, conformed to international guidelines on the use of animals, and were approved by the Duke University Institutional Animal Care and Use Committee.
Group 1 To assess the interaction of APOE genotype and sex, we induced ICH in randomized cohorts of 10-to 12-week-old APOE3TR and APOE4TR male and female mice (n012/ group). All female mice were injured in the estrus stage (peak estrogen) of their estrous cycle. Mice then performed Rotarod (RR) testing over days 1-7 after injury and Morris water maze (MWM) testing over days 28-32 after injury.
Group 2 To determine the influence of hemorrhage volume, we compared volumetric measurements of lesion volume at 24 h after ICH in 10-to 12-week-old APOE3TR and APOE4TR male and female mice (n06/group).
Group 3 To assess the potential of an exogenous apoEmimetic peptide to differentially influence sex-specific recovery, we randomized 10-to 12-week-old APOE3TR and APOE4TR male and female mice (n012/group) to receive doses of COG1410 or vehicle. All female mice were injured in the estrus stage (peak estrogen) of their estrous cycle. After induction of ICH, these mice were intravenously (IV) injected via the tail vein with 2 mg/kg of COG1410 in 100 μl NS or 100 μl of sterile NS vehicle at 1 h after injury and then daily for 7 days in a blinded fashion. This dose and treatment regimen was determined from pharmacokinetic data [17] and from prior experiments in ICH [18] . Mice then performed RR testing over days 1-7 after injury and MWM testing over days 28-32 after injury.
APOETR Animals APOETR mice were created by gene targeting of a human APOE3 or APOE4 genomic construct into E14TG2a embryonic stem cells derived from 129P2/OlaHsd mice [19] . The targeted embryonic stem cells were injected into C57BL6/J blastocytes, and the resulting chimeras were bred to wildtype C57BL6/J mice and backcrossed to C57BL6/J mice for eight generations. The colony was maintained by homozygous matings, and genotypes were confirmed prior to each experiment. Blinding to genotype was maintained throughout the experiments.
Preparation and Administration of COG1410
Peptides were synthesized by NeoMPS (San Diego, CA) to a purity of 95%. COG1410 is acetyl-AS-Aib-LRKLAib-KRLL-amide, which is derived from apoE residues 138-149 with Aib (amino isobutyric acid) substitutions at positions 140 and 145 [17, 20, 21] . For all in vivo experiments, COG1410 was dissolved in sterile normal saline (NS) immediately prior to use, and blinding to treatment group was maintained throughout the experiments.
Intracerebral Hemorrhage Model
Our murine injury model [22] was adapted from a previously described model of ICH in rats [23] . Briefly, after anesthesia induction with 4.6% isoflurane, mice underwent tracheal intubated and mechanical ventilated with 1.6% isoflurane in 30% O 2 /70% N 2 . Rectal temperature was maintained at 37±0.5°C by underbody warming system. The animal's head was secured in a stereotactic frame, local anesthetic injected, and the scalp incised. After exposure of the skull, a burr hole was created 2 mm left lateral to bregma, and a 0.5-μl syringe needle (Hamilton, Reno, NV, USA) was advanced to a depth of 3 mm from cortex. Type IV-S Clostridial collagenase (Sigma, St. Louis, MO, USA) was injected into the left basal ganglia over 5 min (0.1 U in 0.4 μl NS) with the needle being held motionless for an additional 5 min. After slowly withdrawing the needle, the incision was closed, and animals were allowed to recover spontaneous ventilation with subsequent extubation. Following recovery in a warm non-stimulating environment, mice were allowed free access to food and water.
Assessment of Estrous Cycle
Based on described protocol [24] , female mice were restrained in a polycarbonate mouse restrainer. The tip of plastic pipette, filled with normal saline (∼10 μl), was placed into the vagina. The vagina was flushed gently five times with same saline solution. The final flush in pipette tip was collected. A volume of 10 μl of saline solution allows collecting sufficient material for observation of vaginal cytology. Final flush containing vaginal fluid was placed on a glass slide. Unstained material was observed under light microscope with a ×10 objective. Determination of the estrous cycle phase was based on the proportion among the three cell types (leukocytes, cornified epithelial cells, and nucleated epithelial cells) present.
Rotarod Testing
An automated RR (Ugo Basile, Comerio, Italy) was used to assess vestibulomotor function [25] . On the day prior to hemorrhage induction, mice underwent two consecutive conditioning trials at a set rotational speed (16 revolutions/ min) for 60 s followed by three additional trials with an accelerating rotational speed. The average time to fall from the rotating cylinder in the latter three trials was recorded as baseline latency. After injury, mice underwent consecutive daily testing with three trials of accelerating rotational speed (inter-trial interval of 15 min) on days 1, 3, 5, and 7. The average latency to fall from the rod was recorded. Mice unable to grasp the rotating rod were given a latency value of 0 s. RR testing was performed by an examiner blinded to genotype, sex, and treatment assignment.
Morris Water Maze Testing
The MWM [26] was used to assess the effects on spatial learning and memory. Prior to injury, mice were trained on the visible platform (1 day; platform flagged, located in a different quadrant for each trial to minimize quadrant habituation, and no extra-maze visual cues) and hidden platform (4 days; platform submerged in western quadrant for all trials with several extra-maze visual cues) versions of the MWM task to habituate the mice to handling and to swimming, as well as to teach them the goal of the task, which was to escape from the water by climbing onto a platform. After injury, performance was evaluated in a black aluminum pool (105 cm in diameter and 60 cm in depth) filled with water opacified with powdered milk containing a platform (7.5 cm in diameter) submerged 1 cm below the water surface (25-27°C). The maze was kept in a room dedicated to behavioral testing with light and sound maintained consistently throughout training and testing. Such habituation and pre-training has been shown to decrease stress, which negatively impacts the performance of mice on the MWM task [27] . Pre-and post-injury testing followed the same protocol. Each testing day consisted of four trials per day with an inter-trial interval of 20-30 min. For each trial, mice were placed into the pool facing the perimeter and were allowed to search for the platform for a maximum of 90 s. If they were unable to locate the platform within the allotted time, they were guided to it and remained on the platform for 10 s before being returned to their heated home cage. Mice were started in one of four different quadrants for each trial with starting quadrants randomly defined each day. Latency to find the platform and swimming speed were recorded by a computerized video tracking system (KeilSoft LLC, Chapel Hill, NC). On the final day of hidden platform testing, a probe trial was conducted to evaluate retention capabilities. The escape platform was removed from the pool and the mouse was released into the maze at a point diagonally opposite from the previous location of the platform (i.e., the eastern quadrant). The time spent searching all four and the number of crossings into the western quadrant were recorded. Post-injury MWM visible and hidden platform testing were conducted 4 weeks after injury with a probe trial following the last trial. Water maze testing was performed by an examiner blinded to genotype, sex, and treatment assignment.
Hemorrhage Volume Mice were euthanized, and brains were removed and frozen at −20°C. Coronal sections of 20 μm thickness were taken at 320 μm intervals over the rostral-caudal extent of the lesion. Sections were stained with hematoxylin and eosin (H&E), and lesion volume measured by digitally sampling stained sections with an image analyzer (M2 Turnkey System, Imaging Research, Inc., St. Catharines, Ontario, Canada). Lesion volumes (in millimeters [3] ) were computed as running sums of lesion area multiplied by the known interval (i.e., 320 μm) between sections over the extent of the lesion expressed as an orthogonal projection.
Statistical Analysis
Between group hemorrhage volume, RR latencies, and MWM latencies were compared with two-way repeatedmeasures analysis of variance (ANOVA) with day as the repeated variable. The F values were calculated, and if the probability distribution of F with the appropriate degrees of freedom suggested a significant group effect, pairwise testing was performed between groups using Scheffe's post hoc method to correct for multiple comparisons. Student's t test was used to compare two group comparisons where appropriate. Statistical significance was assumed with p<0.05. All values were expressed as mean ± standard deviation and were performed on JMP (v7.0.1, SAS, Cary, NC).
Results
To evaluate the effect of sex and APOE genotype on the rate of recovery after ICH in mice, we performed RR testing over the first 7 days after injury with ICH. No injured animals were excluded from functional testing. However, 1 APOE3TR female mouse, one APOE3TR male mice, two APOE4TR female mice, and four APOE4TR male mice died within 24 h after ICH; no mice died after this timepoint. When grouped by sex alone, female mice demonstrated longer RR latencies over the 7 days of testing when compared with their male counterparts (day 7, 124.3±6.1 vs. 65 ±5.2 s; t test, p<0.01). When stratified by APOE genotype, female APOETR animals demonstrated faster rates of recovery when compared with the male genotype counterpart (ANOVA, p<0.01; Fig. 1a ). APOE3TR female mice demonstrated longer RR latencies over the testing period compared with all other groups (ANOVA, p<0.05). Finally, female APOE4TR and male APOE3TR mice having similar recovery patterns, which was significantly improved when compared with APOE4TR male mice.
To determine if these patterns of vestibulomotor recovery were associated with long-term neurocognitive outcome measures, we examined the performance of the same cohorts of mice in the MWM at 4 weeks after injury with ICH. Similar to our findings with RR testing, female mice outperformed their male counterparts at day 32 after ICH (27.2±7.1 vs. 53.7± 4.2 s; t test, p<0.05) despite similar swimming speeds. Furthermore, APOE3TR female mice outperformed all other groups, and females outperformed their male counterparts for each transgenic type (ANOVA, p<0.05; Fig. 1b) . Finally, this improved functional recovery was not associated with a difference in hematoma size between the four groups as measured by H&E at 24 h after injury with ICH (APOE3TR males vs. APOE3TR females vs. APOE4TR males vs. APOE4TR females, 14.36±9.2 vs. 15.12±8.7 vs. 13.81±8.9 vs. 14.53± 8.6 mm [3] ; ANOVA, p>0.10)
To evaluate the effect of the apoE-mimetic peptide, COG1410, within this sex-based paradigm, we assessed female APOE3TR and APOE4TR and male APOE4TR mice given either vehicle or COG1410 (2 mg/kg) IV initiated at 1 h after injury and then daily for 7 days. The timing of initial administration and dose of 2 mg/kg of COG1410 was chosen based on prior experiments [18] . No injured animals were excluded from functional testing. However, 1 APOE4TR female mice, 1 COG1410-treated APOE4TR female mice, 5 APOE4TR male mice, and 2 COG1410-treated APOE4TR male mice died within 24 h after ICH; no mice died after this time point. Although APOE3TR females did not demonstrate any improvement after administration of COG1410 when compared with their vehicletreated counterparts, APOE4TR males and females both showed increased latencies when given COG1410 (Fig. 2a) compared with their vehicle-treated counterparts. This improvement was durable over the 7 days of testing in the APOE4TR males (ANOVA, p<0.05) but evident only on day 7 (final) of testing in APOE4TR female mice (38.7± In order to assess the effects of COG1410 on long-term cognitive function after ICH as a function of sex and APOE genotype, we next evaluated the APOETR males and females from the same cohort of animals used for RR testing above in the MWM at days 28-30 after injury. In this experiment, we demonstrated that, although APOE3TR females did not demonstrate any improvement after administration of COG1410 when compared with their vehicletreated counterparts, they outperformed all other groups ( Fig. 2b ; ANOVA, p<0.05). There was no statistically significant difference between COG1410-treated female APOE4TR animals, their vehicle-treated counterparts, and the COG1410-treated male APOE4TR animals. However, these three groups outperformed vehicle-treated APOE4TR male mice over the 4 days of testing (ANOVA, p<0.05).
Discussion
Based on the results of this study, the effects of sex on recovery after ICH are at least partially accounted for by APOE genotype. Further in the current study, we confirm prior observations that presence of the human APOE4 allele is associated with poor outcome and that recovery can be influenced by the administration of COG1410, an exogenous apoE-mimetic peptide, in our murine model of ICH [13, 18] .
These findings are consistent with prior data demonstrating a palliative effect of COG1410 in preclinical models of ICH, and a pharmacogenomic interaction between COG1410 and APOE genotype [13] . It appears that humanized APOE3/3 genotype confers some level of neuroprotection and results in improved recovery after ICH in mice, as it does in the human condition [9] . Furthermore, it has been previously observed that COG1410 crosses the blood-brain barrier in normal and injured brain [17] , and use of COG1410 results in improved function after injury in an isoform-specific manner. The selection of the APOETR genotypes used in these experiments was based on these findings that male APOE3TR mice did not demonstrate improved recovery after administration of COG1410 in our model [13] . Also, the current findings build on our previous work by demonstrating an effect of APOE genotype and mimetic peptide on long-term neurocognitive outcome in this disease entity. There is substantial evidence that APOE genotype and COG1410 also modify outcomes in a number of preclinical models of acute brain injury [28, 29] . Although the mechanism(s) by which sex influences outcomes following ICH remains incompletely defined, it may be possible to gain some insight by extrapolating what is known about sex and ischemic stroke. Sex differences in stroke risk and outcome have been observed in humans and a variety of experimental models, although sex steroids only partially account for these differences [30] . Recently sexspecific mechanisms of ischemia and apoptosis in the brain have been found [31, 32, 33, 34] . Understanding sexspecific mechanisms of injury after cerebral ischemia may be useful when designing similar studies for ICH. Although preclinical models have provided mechanistic insight in other areas of acute CNS injury, the examination of sex effect in models of ICH is currently limited. Nakamura et al. [8] found that female mice demonstrate more rapid and durable recovery after injury as compared with their male counterparts. Addition of estradiol to male mice improved their outcomes but not to the level of females, suggesting that sex hormones are not the sole reason for the observed differences in recovery.
Our current findings reinforce the notion that a sex influences outcomes after ICH. The bulk of published data recognizes that that male sex predisposes individuals to developing ICH [2] . Furthermore, female sex may offer mechanisms for improved recovery after injury. Interestingly, sex may influence the impact of select clinical variables on outcome (e.g., a rapid decline in mean arterial pressure after ICH is associated with mortality in men but not women) [35] . Diringer et al. [3] found female sex to be an independent predictor of in-hospital survival following supratentorial ICH. A more recent study corroborated these findings by determining that male sex was an independent predictor of 30-day and 3-year mortality after all subtypes of primary ICH [4] . In a northern European population of patients with ICH, 1-and 5-year mortality risks (HR 0.92; 95% CI, 0.86 to 0.99) were lower for women compared with men after adjustment for age and previous admissions for cardiovascular diseases or diabetes mellitus [36] . Furthermore, quality of life after injury appears to be improved in females when compared with their male counterparts [5] . Recently a large meta-analysis [37] found five studies that provided data on 1-month case fatality in men and women separately [38] [39] [40] [41] [42] . In Melbourne, Australia case fatality was higher in women than in men [42] , whereas the other regions reported similar case fatalities for men and women. Most interesting was the apparent lack of data from a US population with the most recent publication reflecting data collected in the mid-1990s that did not specifically address sex differences [43, 44] . Interestingly, our results suggest an interaction between sex and APOE polymorphism. This is consistent with recent studies demonstrating that the effects of APOE polymorphisms may be sex-specific. For example, a recent study has demonstrated that the presence of an APOE4 allele is associated with enhanced macrophage inflammatory responses in male, but not female mice [45] . Furthermore, two recent clinical reports demonstrate that presence of the APOE4 allele is associated with poor outcomes in men, but not women, following stroke [46] and traumatic brain injury [47] . Interestingly, administration of COG1410 did not appear to confer additional neuroprotection beyond that inherent in the female APOE3TR animals, but was most effective in APOE4TR males. A pharmacogenomic interaction between the therapeutic apoE-based peptides and background APOE genotype has been noted previously [12, 48, 49] ; in the current model it would be interesting to speculate that the exogenous administration of the apoE-based therapeutic selectively overcame the neuroimmune dysregulation present in the APOE4TR animals.
There are several limitations about this study that should be addressed. First, although APOE polymorphism appears to modify the effect of sex on recovery after ICH, the exact mechanism remains unclear. Emerging evidence suggests that COG1410, related apoE-mimetic peptides, and the apoE holoprotein may exert their effect through binding to the SET protein, also known as inhibitor #2 of protein phosphatase 2A [50] . Further, prior work demonstrates the cellular effects of this protein based on the intact apoE holoprotein [51] . However, we again demonstrate the effectiveness of COG1410 in this model and indeed suggest the need to measure sex effects in humans to guide clinical trial design.
Conclusions
In summary, we find that male sex and APOE4/4 genotype are associated with poor outcomes in a murine model of ICH. Moreover, we find an interaction between these variables such that APOE4/4 genotype has the most detrimental effects in male animals. To address the clinical relevance of these findings, the possibility of APOE-sex interactions should be explored in clinical populations following ICH. We also confirm the therapeutic potential of COG1410, an apoE-based peptide, in our model of ICH.
